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(57) Abstract 

An optical system, in 
one embodiment including an 
external-cavity frequency-turned 
laser having a tunable longitudinal 
cavity mode and a center tunable 
wavelength. The external-cavity 
frequency-tuned laser includes 
an optical cavity, an optical 
gain medium positioned within 
the optical cavity, and a rapid 
tuning wavelength selecting device 
positioned to receive light from the 
optical gain medium and adapted to 
return selected wavelengths of light 
to the optical gain medium. The 
external-cavity frequency-tuned 
laser is substantially continuously 
tunable and the tunable wavelength 
selecting device tunes the center 
wavelength of the external-cavity 
frequency-tuned laser at the same 
rate as the longitudinal cavity 
mode of the external-cavity 
frequency-tuned laser is tuned. In 
another embodiment the optical 
system includes an interferometer in 

optical communication with the external-cavity frequency-tuned laser. The interferometer is adapted to project a portion of light from the 
external-cavity frequency-tuned laser onto a sample, to receive light altered by the sample, and to combine light reflected from the sample 
and the light from the external-cavity frequency-tuned laser. A detector positioned to receive the combined light from the interferometer 
and to generate a signal in response thereto. A processing unit in communication with the detector performs digital signal processing to 
extract spatial information related to the sample in response to the signal from the detector. 
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Method and Apparatus for Performing Optical Measurements 
Using a Rapidly Frequency-tuned Laser 

Field of Invention 

The invention relates to the field of optical imaging and more specifically to the field of 
interferometric-based optical imaging. 

Background of the Invention. 

Interferometric optical imaging has emerged as a powerful technology for high 
resolution (~^im) visualization of microstructural optical properties such as absorption, scattering, 
loss, birefringence, and spectroscopic analysis. Several embodiments of this imaging technology 
require a mechanically scanned reference arm. For instance, in optical coherence domain 
reflectometry (OCDR) a longitudinally scanned reference arm and a broad bandwidth light source 
are used to create reflectivity profiles of a sample's optical properties. Due to the broad 
bandwidth of the optical source, as the reference arm mirror is translated, optical interference 
between reflections from the reference mirror and reflections or scattering sites within the sample, 
is detected at the photodetector when the respective path lengths are matched to within the 
source coherence length. Such mechanical scanning can lead to low image acquisition speed, 
limiting utility in many applications. Techniques based on optical frequency domain reflectometry 
(OFDR) ideally have no moving parts and thus potentially can scale to high rate imaging. 
However, today's known OFDR embodiments typically suffer from poor system dynamic range 
and sensitivity, limited potential imaging speed, and poor linewidth or resolution. 
The present invention seeks to overcome these limitations. 
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Summary of the Invention 

One aspect of the invention relates to an OFDR system for obtaining spatial information 
about a sample. One embodiment includes an external-cavity frequency-tuned laser. The 
external-cavity frequency-tuned laser includes an optical gain medium and tuning elements in an 
5 external-cavity. The external-cavity includes a wavelength selecting device, positioned to receive 
lieht from the optical gain medium and direct light back to the optical gain medium. The 
wavelength selecting device tunes the center wavelength at the same rate as the longitudinal mode 
of the external cavity is tuned. In one embodiment the wavelength selecting device includes an 
optical dispersion device and an angular scanning device positioned to transmit light from the 
1 0 optical gain medium to the dispersion device. The system further includes an interferometer 

containing the object under study illuminated by the external-cavity frequency-tuned laser, and a 
detector positioned to receive light from the interferometer and to generate a signal in response 
thereto. An electronic processing unit is connected to the detector. The processing unit performs 
digital signal processing to extract spatial information in response to the signal from the detector. 
15 Brief Description of Drawings 

The foregoing and other objects, features and advantages of the invention will become 
apparent from the following more particular description of preferred embodiments of the 
invention, as illustrated in the accompanying drawings. 

Fig. 1 is a block diagram of an embodiment of the invention with an embodiment of an 

20 external-cavity laser; 

Fig. 2 is an another embodiment of the external-cavity frequency-tunable laser shown in 

Fig. 1; 
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Fig. 2a is another embodiment of the external-cavity frequency-tunable laser shown in Fig. 
2 with the scanning mirror replaced by a AOTF unit; 

Fig. 3 is an embodiment of a non-linear signal processing algorithm to compensate for 
non-linear frequency sweeps in the source; 
5 Fig. 4 is another embodiment of the invention using a tunable optical filter; 

Fig. 5 is yet another embodiment of the invention which is capable of producing images in 
multiple dimensions; and 

Fig. 6 is another embodiment of the invention in the form of a ring laser. 

Description of Preferred Embodiments 

10 Referring to Fig. 1, an embodiment of an OCDR system 10 includes an external-cavity 

frequency-tuned laser 14 which is rapidly and nearly continuously tunable, an interferometer 18, a 
processing unit 22 and a computer controller and display 26. In the embodiment shown, light 
from the external-cavity frequency-tuned laser 14 is divided by an optical coupler 30 into two 
beams. One beam is directed toward a reference mirror 34 and reflected back toward the coupler 
15 30. The second beam is directed toward a sample 38. This light from coupler 30 impinges on the 
sample 38 by way of translatable probe 42. This probe 42 attached to a transverse scanning 
device 46 scans the beam across the sample 38. Transverse scanning may be accomplished by a 
number of means including, but not limited to, moving mirrors, moving lenses, electrooptic 
deflector, or any other means to accomplish the translation of light across sample 38. In another 
20 embodiment the probe 42 is stationary and the sample 38 is moved across the beam. Light 
reflected by the sample 38 returns to the coupler 30 and combines with light reflected from the 
reference mirror 34. The recombined beams form an interference pattern which is detected by 
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photodetector 50. A signal generated by the photodetector 50 is digitized and processed by the 
signal processor 22 and the result displayed on a computer controller and display 54. 

An embodiment of the external-cavity frequency-tunable laser shown in Fig. 1 uses a 
broadbandwidth semiconductor 58 amplifier. Typically, as is known in the art, the ends of the 
amplifier chip through which the optical beam propagates are facets 59, 60 along the natural 

n i, ns c rsf th(> rhin As siir.h thev are naratlel to each other. To 

/l^/U»WS,V WAVMAVM w — ' £- - J J M. 



suppress self-oscillation of the amplifier chip, and to minimize ripple in the spectrum of the 
external-cavity laser it is important to minimize the reflectivity of the facet 60 interior to the 
external-cavity by a combination of anti-reflection coating and angling of the single-spatial-mode, 
10 narrow-stripe gain region with respect to the facet. Optical gain is provided by injecting current 
into the narrow stripe region defining the single spatial mode. At the output facet 59 of the 
external-cavity some small reflectance is required to provide oscillation in an external-cavity 
mode. The residual reflectance of the angled stripe may suffice if the external coating is 
appropriate, but it is preferable to have the stripe perpendicular to the output facet. 
15 In one embodiment, an external-cavity laser has portions of the cavity on both sides of the 

amplifier chip (double-ended external-cavity). In this case both amplifier facet reflectances, one at 
each end of the chip, must be suppressed. Although a semiconductor laser is shown in this 
embodiment, other embodiments utilize other optical gain media such as rare-earth doped fibers 
and other solid state gain media. In the embodiment shown, a light beam exiting from the back 
20 facet 60 is collimated by lens 62 and reflected from a steerable mirror 66. Embodiments of the 
steerable mirror 66 includes a galvanometer, a PZT, an electro-optic beam deflector, or a voice 
coil driven mirror. The reflected light beam is directed to a wavelength selective element 70. In 
one embodiment, the wavelength selective element is a ruled grating. The ruled diffraction 
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grating operates in the Littrow configuration, known in the art, which retro-reflects light of a 
wavelength obeying the diffraction condition determined by the angle of incidence and the grating 
ruling pitch. In another embodiment a dispersive prism followed by a mirror, as is known in the 
art, is used. 

An external-cavity for laser 14 is formed between the partially reflective surface of the 
cleaved front facet surface 59 (or alternatively a partially transmissive surface in front of the laser) 
and the grating 70. By angularly steering (arrow R) the steerable mirror 66, the laser 14 is 
frequency-tuned. When the relative distance of the laser 58 to mirror 66 spacing, the laser 58 to 
grating 70 spacing, the grating angle 0, and the grating ruling are properly selected nearly 
continuous frequency tuning can be accomplished. In an embodiment having a reflection from the 
tuning mirror 66, a condition exists under which the frequency of a lasing axial cavity mode tunes 
at approximately the same rate as the grating center frequency thereby avoiding axial mode hop. 
The condition is approximately given by the expression: 

V = f - 

tan 2 ^-l 

where V is the distance from mirror 66 to grating 70, Lf is the fixed distance from the rotational 
axis of mirror 66 to laser front facet reflector 59 and (0>45°) is the angle of incidence onto the 
grating at the scan center wavelength measured from a normal to its surface. This method avoids 
the need of rotating the tuning element around a displaced pivot point to avoid mode hops, as is 
known in the art. Such designs are limited to slower mechenical scanning methods. 

This design criterion neglects dispersive effects, and provides first-order compensation for 
the axial mode tuning. Under the above spacing condition, there is a parabolic increase in the 
mode index about the center wavelength. A simple way to approximately compensate for this 
(and other dispersive effects) is to use a chirped Bragg grating in an optical fiber or optical planar 
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waveguide to provide a quadratic phase shift to its reflected light. The compensation may be 
exact if a constant second derivative of phase with respect to frequency is used. However, this is 
a more stringent condition that requires carefully designing a chirped grating. It should be noted 
that with proper choice of grating length and chirp, nearly perfect mode compensation can be 
5 achieved over several percent of optical bandwidth without the stringent grating requirements just 
discussed. 

One embodiment of such external-cavity frequency-tuned laser using a chirped Bragg 
grating is shown in Fig. 2. Note that this embodiment is an example of a double-sided external- 
cavity, with optical elements on either side of the optical gain medium. In this embodiment a 
,0 Bragg waveguide grating 80 is used as a weak dispersive reflector to reflect light back into the 
external-cavity. The Bragg waveguide grating 80 is also used as a transmissive output coupler. 
The rapid scanning Littrow steerable mirror 66 configuration of the previous embodiment is still 
used for linear frequency compensation, with a slight adjustment of the grating spacings to allow 
for a fixed component of cavity distance equal to one half the grating optical path length. That is: 

L 

v=—j— 



tan 2 4>-\ 

15 



A mode-hop, or change in mode order, is equivalent to having a different number of 
wavelengths in the cavity. If the wavelength increases at the same rate as the total cavity length 
increases, mode hops are not present. In the embodiment of Fig. 1, both the wavelength and the 
cavity length change with tuning angle of mirror 66 The previous equation defined a condition at 
20 which both the cavity length and retro-reflected wavelength tune with the same linear rate at the 
center of the tuning range. This tuning has non-linear, primarily quadratic, components that cause 
the cavity length and wavelength changes to diverge on either side of the center of the tuning 
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range. This divergence is referred to as a second-order deviation to the continuous tuning 
condition. The second-order correction condition, which if satisfied greatly extends the 
wavelength range of non-mode hopping, is defined by: 



\fr-fj tan 2 ^(l + tan 2 ^) 



5 where n is the average refractive index of the chirped Bragg grating, f 0 is the center optical 
,. frequency (and the Bragg frequency at the center of the grating),/-// is the chirp of the Bragg 
frequency across the grating (greater than or equal to the desired frequency sweep), and L g is the 
Bragg grating length. In practice, with fixed Bragg grating parameters, the distances V and L f are 
experimentally adjusted near their nominal values for exact second and first order compensation, 

10 respectively. The fixed length Lf in this embodiment is the fixed optical path length of the cavity 
that does not change with tuning conditions, extending from the center of the tuning mirror, 
through the collimating lenses and amplifier, to the interior side of the Bragg grating. 

The remarkable feature of this mode compensation is that it results in an extremely large 
cavity spectral mode separation, limited only by higher order or other uncorrected dispersive 

1 5 effects. This means that maintaining very short cavity dimensions is not required to provide few 
modes within the grating resolution envelope. 

In one embodiment, an AOTF is used to replace the mechanically-scanned tuning mirror 
66 of the embodiment of the external-cavity frequency-tunable laser shown in Fig. 2. In this 
embodiment, the scanning mirror 66 is replaced by a fixed diffraction grating 69. The AOTF 71 is 

20 inserted in the collimated beam between the lens 62 and grating 69. When the wavelength of the 
transmitted beam is changed by tuning the AOTF 71, which is designed to impart no angular 
deviation to the beam as the AOTF is tuned, the diffraction angle from the grating 69 changes. 
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The changing diffraction angle causes a path length change in the beam retroreflected from the 
second Littrow grating 70 similar to that of the scanned mirror embodiment. The AOTF imparts 
a small optical frequency shift to the beam transmitted in one direction, but the frequency shift is 
reversed in the opposite direction, so that a beam propagating through a round trip in the cavity 
5 suffers no cumulative radio-frequency shifts. 

Tn more detail and referring again to Fig. 1, the output of the laser is sent into a Faraday 
isolator 84 and coupled into a fiber optic Michelson interferometer 18. In one embodiment the 
interferometer is constructed with angled fiber facets (not shown). The isolator 84 and angled 
fiber facets (typically > 6°) serve to minimize reflections which can detrimentally effect the laser 
10 stability. 

One arm 88 of the interferometer leads to the reference mirror 34, the other to the probe 
module 47 that couples light to and from the sample 38 and performs transverse scanning 46. 
Although in the embodiment shown the probe module 47 is scanned, alternatively in another 
embodiment the sample 38 is scanned laterally by translating the sample 38 perpendicular to the 
15 axis of the probe module 42 using linear translation stages or angular scanning devices as is 
known in the art. The light reflected from the reference mirror 34 and the sample 38 are 
recombined by the beam splitter 30 and passed to the photodetector 50. Although a single 
photodetector is shown, in another embodiment, double balanced detection is used as is known in 
the art, to cancel excess intensity noise from the source and sample-sample beat signals. In this 
20 Embodiment the interformeter is moofied from simple Michaelson interformeter as is known in 
the art. The signal generated by the photodetector 50 in response to the combined reflected light 
is amplified, filtered and converted to a digital signal by an A/D converter and digitally processed 
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by processor 22. Alternatively analog signal processing techniques could be used as is known in 
the art. 

When the angle (R) of the steerable mirror 60 is scanned in a saw-tooth pattern, the 
system 1 0 operates as a normal OFDR system with the added improvement of a nearly continuous 
frequency sweep as described in detail above. One embodiment of the device of Fig. 2 (without 
the chirped Bragg grating) operated with a greater than 20 nm tuning range at 840 nm center 
frequency. Because the grating frequency does not vary linearly with mirror angle (R) (its 
wavelength tunes in a slightly non-linear manner with respect to incident angle), there is a slight 
frequency sweep non-linearity of the output spectrum that leads to decreased resolution. That is, 
the output frequency is not exactly linear in time and thus the beat frequencies between the 
reference reflector and a reflection from the sample will not be constant in time. The effects of 
such a non-linearity can be eliminated with post detection processing as described below or by 
altering (pre-distorting) the form of the scan from a saw tooth pattern. 

The use of mechanical scanning systems results in some difficulty in achieving very high 
scan speeds (e.g. video rates) and a linear frequency chirp. For example, in AOTF systems the 
transit time of the acoustic wave from the tuning transducer of the AOTF limits the available 
tuning speed, while in systems using a grating 70 and a steerable mirror 60, the inertia of the 
steerable mirror 60 limits tuning speed. Typical galvanometers will not reproduce, with good 
fidelity, a sawtooth waveform with a frequency of higher than about 50 Hz. However, such 
galvanometers can be driven with pure sinusoidal signals at frequencies much higher. Normal and 
mechanically-resonant galvanometers can be driven at video rates (—15 kHz) using a pure 
sinusoid. In other embodiments, combinations of scanning mechanisms and frequency dispersive 
elements are used to achieve very high rate tunable optical filters with a sinusoidal sweep pattern. 



WO 98/35203 PCT/US98/00071 

- 10- 

In other embodiments, rotating polygons, electro-optic beam deflectors, and tunable fiber 
Fabry Perot filters may be used with frequency dispersive elements to achieve high scanning rates, 
instead of the galvanometer and grating described above. In the embodiment shown in Fig. 1, if 
the steerable mirror is a resonant galvanometer driven by a sinusoidal waveform, high speed 
5 sinusoidal tuning of the laser frequency can be achieved. In order to correct for non-linear 
fre-miencv sweeo and ensure proper demodulation of the reflectance profile of the sample 38 an 
auxiliary interferometer 96 in one embodiment (shown in phantom) is used to sample the signal 
produced by the photo-detector 50 at equal increments of the source frequency, as is known in 
the art. The auxiliary interferometer 96, corrects for any non-linearity in frequency sweep by 
10 sampling the detected signal at equally spaced source frequency increments as is well known in 
the art. In yet another embodiment to mitigate the effects of source intensity fluctuations during 
the frequency sweep a separate calibration photodetector is incorporated to measure the laser 
output power and used to adjust power of laser 14 or used to normalize the digitized signal in 
processing unit 22. Although the approach of using an auxiliary interferometer 96 can partially 
1 5 correct for deviations from the ideal in the sweep of the optical source by providing signal trigger 
pulses at equally spaced increments in the source frequency, such approaches have several 
limitations, including hardware complexity and system performance limitations due to instabilities 
in the auxiliary interferometer 96 paths and processing electronics. 

Therefore, in another embodiment, in which the frequency sweep is non-linear but is very 
20 repeatable, correction for deviations from the ideal in the sweep of the optical source, is 
performed by the signal processing of the detector signal. Referring to Fig. 3, a flow diagram of 
an embodiment of a simplified version of the signal processing algorithm is shown. In this 
embodiment a portion of the periodic signal waveform generated by the detector 50 is sampled 
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over a monotonically increasing or decreasing period T at equally spaced time intervals using a 
precision clock (STEP 100). Non-uniform time samples could also be used. Next, based on 
knowledge of the precise shape of the frequency sweep obtained from other means, either known 
a priori or measured as described below, the time axis is transformed to yield a beat signal 
characteristic of a linear frequency sweep with a transferred time axis (STEP 120). Once the new 
time axis is derived, several methods exist to process the data. In one embodiment, the new time 
samples are interpolated, with equal time increments in the new time axis coordinates, based on a 
linear or non-linear fit to the actual data values in the new time axis (STEP 130). Then standard 
Fourier analysis techniques such as the Fast Fourier Transform (FFT) are performed to obtain the 
reflectivity profile (STEP 140). Other algorithms to obtain the reflectivity profile, such as 
maximum entropy and wavelet transforms, can also be used. 

To understand the basis for the signal processing, let the electric field of the light emitted 
by the tunable laser be described by the expression: 

E 0 (t) = A(t) Exp(j(a>ot + 0(0)) (1) 
where A(t) is the amplitude of the electric field, o 0 is the nominal center optical frequency, t is 
time, and 0(t) is the phase of the electric field. In general, 0(t), which describes the modulation of 
the optical carrier phase and frequency, includes a stochastic random phase component which is 
neglected for the purposes of this description. Assuming that A(t) is a constant, or alternatively 
that any power fluctuations of the source can be normalized by monitoring the output power of 
the laser source as previously described, the detected photocurrent is proportional to the squared 
sum of the electric field reflected from the reference reflector 34, E^t), and the reflected field 
from the sample 38, E s (t - x), as given by the expression: 

I(t)~|E f (t) + E B (t-T)| 2 (2) 
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where x is the relative delay between the reference reflection and the sample reflection and x is 
proportional to the relative distance into the sample 38. 

The signal component of interest will consist of the cross term E r (t) • E^t - x). Other 
terms give rise to DC components and signal-signal beat terms which can be removed by signal 
5 processing techniques as known in the art or by carefully selecting a nominal time delay between 

nrrvrinct of the sisnal and the signal beat noise does 

tne sample anu lug iciwvuwv ^v/ w*~* r — - 

not spectrally interfere with the cross product of the reference and the signal spectrum. E,(t) is 
just a delayed and scaled version of E D (t) while, for a single reflection within the sample, E s (t - x) 
is the product of a scaled and delayed version of E„(t) times the sample reflection coefficient 
10 r^xpC^), where r„ and 0 r are the magnitude and phase of the reflection at x, respectively. This 
assumes a single reflection from the sample. Thus, by ignoring the relatively unimportant delay 
terms and constants, the beat signal of interest at the photodetector 50 output, s(t), is given by the 
expression: 

s(t) = r 0 cos( ffl 0 x + 0 r + 0(t) - 0(t - x) ) (3) 

, 5 = r 0 cos( ffi 0 x + 0 r + 2it Jdx fix) ) x = {t- x, t} (4) 

where f(t) is the modulated optical frequency about the optical carrier center frequency, 

f„ = ©o/ 2%. s(t) can be further simplified when fix) is approximately constant over x, which is 

accurate for most of the applications of interest, to : 

s(t) « r c cos( cd 0 x + 0 r + 2n frt - x/2)x ) ) (5) 

20 This can be further simplified to: 

s(t) « r 0 cos( co 0 x + 0 r + 2ti f(t)x ) (6) 
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For the case of an ideal linear chirp of magnitude Af and duration T G , 0(t) and s(t) are 
given by the expressions: 

0(t)«<Af/T.)t (7) 
s(t) = r G cos(© 0 x + 0 r + 2n (Af / T c ) x t ) (8) 
5 This can be recognized as a simple sinusoid of magnitude, r 0 , and frequency 

f b = Af (x / T 0 ). Thus by performing appropriate windowing and Fourier analysis r c , and f b , can be 
determined. From f b> x can be determined, and from x the relative location of the sample 
reflection Ax~cx /2n can be determined, where c is the speed of light and n is the group index of 
refraction. Thus the sample reflection magnitude and location can be identified for this simple 
10 case of an ideal linear chirp. 

For the case of a sinusoidal frequency sweep, f(t) and s(t) are given by the expression: 

f(t) = (Af/2)sin((D m t) (9) 
s(t) = r c cos( co 0 x + 0 r + 2n (Af / 2) x sin(a> m * t) ) (10) 
where f m = o m /2n is the modulation frequency and T m = 1/ f m is the modulation period. This can 
15 be recognized as a sinusoidal frequency chirp of the beat signal. Although simple Fourier analysis 
can not be used to derive r D and x, if the time axis is transformed, as described above, using tnew = 
(1/ o m ) sin(o m t) and the periodic modulation broken into alternate monotonically increasing and 
decreasing sections so that the time axis has a one-to-one mapping then sfocw) is given by the 
expression: 

10 s(t„ew) = r Q cos( © 0 x + 0 r + 2n (Af / T^xU) (1 1) 

Equation 1 1 is functionally similar to equation 8 and thus standard Fourier analysis can be 
performed to derive r c and x. Since the time samples in equation 1 1 are not equally spaced, 
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interpolated values of time and s(t) will generally have to be calculated before standard FFT 
algorithms can be applied. However other algorithms such as maximum entropy and wavelet 
transforms can be used for spectral estimation. 

In the general case, the frequency sweep, f(t), will be periodic and can be broken up into 

5 monotonically increasing or decreasing segments where one-to-one mappings between frequency 
and time exist. In sections where f(t) changes from an increasing to a decreasing segment (or vise 
versa) it may be necessary to perform a windowing function to remove data which may not be of 
high fidelity during transitions. In this case, each segment will contain information about one axial 
reflectivity profile. By defining a time transformation to be: 

10 W=(T C /Af)f(t) (12) 

then 

s(tnew) = r G cos( C0 o T + 0 r + 2n (Af / T c ) x W) (13) 
Again this is similar to equation 10 and Fourier or other analysis can be applied to 
determine the reflection coefficient magnitude and location. In this new coordinate system the 
15 samples will not be equally spaced in time as mentioned above, but in one embodiment, new 
equally spaced time samples are interpolated from the original time samples and then standard 
windowing and Fourier analysis is applied to derive r c and x or equivalently r c and Ax. Further, 
although an approximate mathematical analysis was performed for a single sample reflection, the 
more general case of multiple reflections or a continuum of reflections may be treated as a 
20 superposition. Thus this analysis and algorithm are directly extendible to arbitrary sample 
reflectivity profiles. This embodiment of the invention corrects non-linear frequency sweeps using 
uniform (or non-uniform) time samples and real-time or a priori knowledge of the source 
frequency sweep profile by relying on non-linear signal processing techniques. 
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Knowledge of the shape of the frequency sweep required by this embodiment of the 
algorithmic approach can be obtained from the laser input if the behavior of the laser is well 
known. For example in a semiconductor laser where the frequency modulation response to 
current injection is known, then the laser frequency output is derivable from its input. In 
situations where the behavior is more complicated then optical calibration techniques can be used. 
For example one can use a calibrated narrowband optical filter (calibrated using a wavemeter for 
example) and time gating techniques to measure the relative time when the OFDR source 
frequency passes through the filter. By stepping the filter sequentially through the range of f(t), 
f(t) can be mapped out. Similarly one can use a laser of known frequency (using again a 
wavemeter) and perform gating using heterodyne techniques. Also various types of optical delay- 
lines and optical frequency discriminators (e.g. etalons, Fabry Perots, unbalanced Mach-Zehnder 
and Michelson interferometers) can be used to determine f(t). 

In many cases the OFDR system itself can be used for calibration. If the sample is 
replaced with a simple and known reflection profile (e.g. a partially reflecting mirror) then with 
appropriate signal power normalization, the modulated frequency f(t) is contained in s(t) from, for 
example, equation 6. Using known curve fitting algorithms, f(t) can be derived since most of the 
parameters either are known (e.g. ©<>, x, 0 r ,T 0 ) or can be derived by other means. 

In one embodiment, with sufficient signal processing power and laser stability, fl[t) is 
calibrated in real-time. Since calibration of f(t) can be determined in the manner described (or 
other techniques as is known in the art) then by placing a reference reflector (not shown) in the 
sample arm 88 one can perform calibration on a scan-to-scan basis increasing the accuracy of the 
reflectometry or imaging system. In such an embodiment it is important that the location of the 
reference reflector be such that the beat frequencies do not lie in a region that contains signals or 
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otherwise interfere with the signal data collection. An alternative to placing the reference 
reflector in the sample arm is to have the transverse scanning mechanism 46 point to a reference 
reflector periodically. 

Referring now to Fig. 4 an alternate embodiment of the system uses an acousto-optic 
5 tunable filter 200 (AOTF) as a frequency tuning element. The AOTF 200 has the desirable 
property that it has no moving parts. An AOTF configured in a double pass geometry can 
produce an output frequency equal to the input frequency, a necessary condition for single- 
frequency operation. Ordinarily, the poorer frequency resolution of an AOTF, plus the 
uncompensated nature of the cavity shown in Fig. 4 would lead to mode hopping. However, in a 
10 manner analogous to the cavity design discussed above, a pair of gratings in a pulse 
compression/dispersion compensation geometry inserted in the cavity provides a large degree of 
increased cavity mode separation and mode hop suppression. The embodiment shown includes an 
alternate embodiment of the interferometer 18 utilizing a Faraday circulator 204. 

In this interferometer embodiment the laser source 141 is coupled into a first port 208 of a 
15 Faraday circulator 204. Light is passed from a second port of the Faraday circulator 212 where it 
is directed to a probe module 42. The probe module 42 couples light to and from the sample 38 
of interest and performs lateral scanning (Arrow L). In addition the probe module 42, in this 
embodiment, includes a reference reflection reflector 44. In one embodiment, the reference 
reflector 44 is a partially transmissive beam splitter (e.g. 10%). In another embodiment the 
20 reference reflector is flat cleaved output end 45 of fiber 212. Reflected light from the reference 
and sample 38 are coupled back to the Faraday circulator 204 and directed to the third port 216 
of the Faraday circulator 204 where the light is guided to the photodetector 50 and the output 
signal processed by the processing unit 22. The magnitude of the reference reflection is made as 
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small as possible but sufficient to achieved shot-noise limited operation in the receiver as is known 
in the art. Ideally, this interferometeric approach can be more than 3 dB more efficient than the 
approach shown in Fig. 1 since no signal power is lost by being transmitted back toward the 
source by the coupler 30. Further, the reference reflection magnitude can be tailored to be as 
5 small as is practical. The Faraday circulator 204 also helps to further isolate the laser source 141 
from stray reflections. 

Most of the embodiments described rely on a serial acquisition of data in which sequential 
longitudinal reflectivity profiles are collected using the OFDR ranging algorithms and techniques 
described above. In other embodiments, each reflectivity profile is interlaced with transverse 

10 scanning to produce a 2 or 3 dimensional image. However, direct acquisition of multiple 
longitudinal reflectivity profiles can be collected using an array detector as shown in the 
embodiment depicted in Fig. 5. In this embodiment the reference mirror 34 may have any surface 
shape, from a simple planar mirror or a more complex 3-dimensional shape matched to the 
curvature of the sample 38 to optimize the data collection. The detector array 50 is a one-or two- 

15 dimensional array. A one-dimensional embodiment of the array 50 can facilitate the capture of 
two-dimensional images. The imaging optics 248 in such an embodiment would image a line in 
the sample 38 using anamorphic optics or cylindrical optics with appropriate lateral resolution and 
depth-of-field. The height of the line is selected for the application of interest. The imaging 
optics 248 in the detector arm 250 magnify or demagnify the source image to map into the 

20 particular detector geometry. Similarly, a two-dimensional embodiment of the array permits 
three-dimensional images to be acquired and the optics in such an embodiment map a transverse 
area of the sample into the transverse area of the detector 50. The imaging optics also map out 
the appropriate depth-of-field in the sample. That is, the longitudinal (or depth into the sample) 
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distance that the OFDR system images over will be determined in part by the depth of field or 
confocal parameter of the imaging optics used to image into the sample. In such embodiments 
appropriate area detectors include line and area CCD's (preferably with frame store areas for 
faster and more sensitive acquisition), PIN photodetector arrays, and CID detectors. By 

5 acquiring multiple pixels in parallel using the detector array one can achieve superior resolution 
within highly scattering objects by taking adv^ntBge of the transverse information across the 
detector plane. For example, a point-reflection within a highly scattering medium will produce a 
speckle pattern in the detector plane. By coherently combining the light from adjacent pixels the 
effect of the speckle can be diminished and the resolution improved. Other algorithms can also be 

10 adapted to improve the lateral or longitudinal resolution within a sample by performing joint 
processing on a group or volume (pixels in depth and transverse dimension) of collected OFDR 
data. 

Fig. 6 shows another embodiment of a tunable laser source as a ring laser that can be used 
to perform reflectometry and imaging measurements. In this embodiment a fiber ring is shown, 

1 5 although free space embodiments are also possible. In this embodiment the fiber ring includes an 
optical gain medium (300). In one embodiment the optical gain medium 300 is a semiconductor 
with angled or appropriately antireflection coated facets to suppress lasing. In a preferred 
embodiment the gain medium 300 is a rare-earth doped fiber because it is small and readily 
compatible with fiber ring implementations. In one embodiment the fiber is doped with a dopant 

20 such as Yb, Er, Nd, and Tm or a Raman gain medium. Other embodiments include solid state 
gain media.. 

In another embodiment, long-period fiber gratings are spliced into the fiber ring so that the 
optical gain over the laser sweep range is relatively flat and broad. In yet another embodiment a 
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faraday isolator 305 is inserted in the ring to insure unidirectional operation and a faraday isolator 
304 is installed at the output 308 to eliminate any feedback into the laser cavity. The ring may be 
manufactured out of polarization maintaining fiber, single-polarization fiber, or contain fixed or 
adjustable polarization components. 

5 Every embodiment of the ring laser includes a tunable optical filter 312. In various 

embodiments this filter may be a fiber Fabry-Perot Filter, acousto-optic tunable filter (AOTF), or 
tunable mirror/grating as described previously. The tunable filter may be driven in a saw-tooth or 
triangular fashion (if sufficient tuning bandwidth is available) or a sinusoidal or other drive fashion 
(if compensated for as described previously). 

10 As described previously, it is important for good dynamic range and sensitivity to 

eliminate mode-hops and maintain narrow laser linewidth as the laser is tuned. In normal 
operation, as the optical filter 3 12 is tuned, the laser will hop into the various cavity modes of the 
ring. To prevent this, in one embodiment (similar to that described above with respect to Fig. 3), 
a path length compensation element 316, such as a Fiber Bragg reflector and Faraday circulator or 

15 other dispersive or path length compensating element, is included in the ring. As the tunable filter 
is tuned, this path length compensator 316, which includes an active or passive element, adjusts 
the total ring optical path length to maintain the lasing condition at the peak of the tunable filter 
312. In one embodiment of a fiber ring geometry the path length compensator 316 includes a free 
space coupling region over which the air gap is adjusted during the filter tuning. 

20 In another embodiment a frequency shifter 320 such as an acousto-optic modulator 

(AOM), or serrodyne phase modulator (SPM) is inserted into the laser cavity. If an AOM is used, 
the output frequency and throughput (loss) of the light can be controlled by the frequency and 
intensity of the radiofrequency drive 324 for the AOM. As is known in the art, if the optical filter 
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3 1 2 is tuned at a rate that equals the frequency shift of the frequency shift element 320 divided by 
the round-trip propagation delay of the light around the ring then a narrow linewidth frequency 
sweep will be achieved. 

If f 0 * is the rate (the prime (') indicating a derivative with respect to time) of tuning of the 
5 laser optical frequency, f f * is the tuning rate of the optical filter 3 12, c is the speed of light, f Bragg is 
the frecuencv shift of fresnnenrv shiftino e>\t>mmt ~iOC\ n t\ ^ +ha £>flpv^:,,~ : i 

' " M - S <_» > "/ — ^..vkh,^ glVMj; 1UUCA Ul 

refraction, X is the instantaneous optical wavelength, and L is the cavity length, then the condition 
for resonance is approximately given by the expression: 

fo=f/=cf Bragg /(n g (A)L) 

10 In this configuration, the output frequency is precisely incremented by an amount equal to the 
frequency shift imposed by the frequency shifter 320 every time the light circles around the ring. 
Further, the filter center frequency tuning rate is equal to the frequency shift divided by the round 
trip propagation time. For example, if the AOM with a Bragg frequency shift of 600 MHz is used 
as a frequency shifting element 320; a fiber Fabry Perot filter is used as a tunable filter 3 12; a 

1 5 semiconductor optical amplifier 300 with a bandwidth of 50 nm (-6.25 THz) and center 

frequency of 1500 nm is used as a gain element; then, assuming a cavity length of ~ 19.2 m and a 
group index of refraction of 1 .5, the round trip propagation time is - 96 ns. Therefore a 
bandwidth of 50 nm can be tuned in - 1 ms for a repetition rate of- 1 kHz. 

A standard AOM operating as a frequency shifter 320 has a limited optical bandwidth for 

20 a fixed input and output angle. There are several alternatives to an AOM to perform such 

frequency shifting, such as electro-optical modulators. In addition at the expense of additional 
hardware complexity, autonomous alignment techniques can be implemented and the AOM can be 
made to work over a broad bandwidth. 
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In another embodiment an AOTF is used in place of the tunable filter 312, and the 
frequency shifter 320, combining their functions into one element. By controlling the power level 
to the AOTF it can also be used for power control either in an open-loop fashion or in response to 
power calibration unit 328. It should be understood that the AOTF has the disadvantage that 

5 tuning the AOTF center wavelength requires that the AOTF radio frequency shift be changed 
leading to complexities in satisfying the above resonance condition. This limitation can result in 
mode hops and unacceptable laser linewidth which leads to poor system dynamic range. The 
mode hops result from the fact that if the filter optical center frequency is swept linearly in time, 
then the Bragg frequency shift will not be constant as was the case with an AOM, but rather will 

10 vary with time. This leads to the inability of the optical filter center frequency to track the laser 
frequency, resulting in mode hopping. 

To overcome this limitation, the path length compensation element 316 (passive or active) 
adjusts the round trip propagation delay (thereby changing the effective n g (A,) in the above 
expression) to compensate for the change in Bragg frequency shift. That is, if the Bragg 

1 5 frequency shift must be increased by 1% to tune the AOTF from one end of the optical spectrum 
to the other, the path length compensation element 316 must increase the round trip propagation 
time by 1% also. This is accomplished using a passive device such as a Bragg fiber grating and a 
circulator or by using an active optical delay line such as a fiber stretcher or adjustable free space 
optical path element. 

20 Another more attractive alternative is to not drive the AOTF filter optical center frequency 

linearly in time but to alter it so as to cause the optical carrier frequency, which is continuously 
shifted by AOTF, to track the center frequency of the AOTF. This is accomplished if the 
equation: 
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/(oG(/) ^ 

is approximately satisfied. In this equation t is time; f(t) is the instantaneous frequency of the 
optical field that coincides with the AOTF center frequency; G(f> is the transfer function from the 
AOTF optica! center frequency shift to the Bragg frequency, f B „gg and T rt is the round trip 
propagation time. Both the AOTF center frequency and instantaneous Bragg frequency shift are 
functions of time. Although, this equation will ensure a smooth frequency sweep it does not 
ensure a linear frequency sweep in time. 

To a good approximation, the integrand can be expressed as a quadratic function of 

frequency: 

— - — = a n +a.f +a 2 f 2 
G(f) 0 lJ 

This results in the following equation to be solved for f(t): 

«o/(0 + f/ 2 (0+f-/ 3 (0-o/(o) + f/ 2 (0) + ^/ 3 (0)-^- 

From this expression, the corresponding time-dependent radio-frequency drive of the AOTF can 
be found. In order to extract longitudinal reflectivity profiles of the sample, one embodiment 
1 5 compensates for the non-linear frequency sweep with an auxiliary interferometer or with the 
signal processing algorithm described previously. 

Referring again to Fig. 6, in one embodiment, a power calibration element 328 is used to 
maintain a known intensity profile of the output waveform (e.g. uniform or raised-cosine). A 
coupler 332 is used to remove a portion of the output light onto a photodetector which is 
20 included in the power calibration element 328. The output of this photodetector is compared to a 
reference level and the difference 336 is used to adjust the gain 340 of the optical gain medium 



10 
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300. In other embodiments the difference 336' is used to control the throughput loss of the 
frequency shifter 320 or optical filter 312. In still another embodiment, the power can simply be 
monitored and used as an input to the post-detection signal processing unit as described 
previously. 

5 Although in this embodiment of the ring laser utilization of tunable optical filters 312 and 

path length compensation elements 316 ensure a nearly continuous frequency sweep, other 
frequency shifting tunable optical filter elements are used in other embodiments. In one 
embodiment the Bragg frequency shift of an AOM is adjusted to keep the laser at its resonance 
condition when a tunable filter Fabry Perot filter, whose center frequency can not be linearly 
10 tuned, is used as the tunable optical filter. In another embodiment the filter consists of a cascade 
of optical filters such as an AOTF and a Fabry Perot filter. 

In many applications of interest, the specimen, for example a biological organism, may 
contain moving objects, for example blood flow, under measurement. The OFDR imaging 
designs and methods described herein allow the extraction of velocity, position, and magnitude of 
1 5 reflections on a high resolution scale (-10 jim). For an ideal, linearly-chirped OFDR system and a 
single stationary point target, the detected signal will be a constant frequency sinusoid the 
magnitude of which is proportional to the reflectivity of the target. Qualitatively, if the target is 
now moving at a constant velocity then the received signal consists of a chirped frequency 
sinusoid whose average or nominal frequency will be Doppler upshifted or downshifted depending 
20 on the relative motion of the object with respect to measurement system and the rate of the source 

frequency sweep. Thus by estimating the chirp the actual location of the target along with its 

> 

velocity is obtained. 
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For a single target, the instantaneous beat frequency, f b , generated by the OFDR system is 
approximately given by the equation: 

, ,. 2z 2v . 2v 
/» =/ — + /o — + 2/ — / 
c c c 

where/o is the known starting optical frequency,/, is the known optical frequency sweep rate 
5 from that frequency, z is the unknown target range (with respect to the fixed reference mirror), v 
is the unknown target velocity (normal to the incident light beam), and c is the speed of light. 
The first term is a constant frequency proportional to the distance to the target; the second term is 
proportional to the velocity of the target and is the Doppler component; and the final term is the 
chirp in the beat frequency which is proportional to the target velocity times the optical frequency 

1 0 sweep scan rate. For multiple targets, the beat signal will consist of the sum of differently 
weighted multiple beat frequency terms. 

There are a variety of algorithms, well known to those skilled in the art of radar analysis, 
that are utilized to extract Doppler information from the received waveform. The optical 
technique of the present invention, with its large frequency sweep rate (orders of magnitude larger 

1 5 than in rf or typical optical radar) enables a unique means of extracting Doppler information from 
a single sweep. A target at a certain distance produces a beat frequency which is proportional to 
its distance. If the target is moving, a Doppler offset is added to this beat frequency, and this 
combined beat frequency is broadened (chirped) by the target motion. Neither the range or 
Doppler offset are known a priori. Further, in many situations there may be multiple targets with 

20 different ranges and velocities. 

In one embodiment a method of extracting both range and velocity information multiplies 
the digitized received waveform by a series of dechirping functions having quadratic time- 
dependent phase factors of the form exp(-jKt 2 ), each differing by the proportionality constant K. 
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Each value of K is related to a different Doppler velocity and the known optical frequency scan 
rate. Each of the series of dechirped waveforms is then Fourier transformed using an FFT or 
other suitable algorithm. For each chirp parameter, the corresponding Doppler offset is 
subtracted in the frequency domain from the transformed signal to provide the portion of the beat 

5 frequency arising from range. Each target produces a peak signal from a different distinct point in 
the range-velocity plane. In another embodiment, chirped pulses are sequentially incident onto 
the target and Doppler information is extracted by processing the reflected light across the 
multiple pulses, in a manner similar to that of 10.6nm long-range optical radar. 

In another embodiment, range and Doppler information may be extracted using the 

10 information contained in a complete cycle of swept frequency, as is known in the art of FM-CW 
radar systems. In the first half of the scan, if the reference frequency is greater than the delayed 
return frequency from the target (for relatively large ranges, and smaller Doppler shifts), and in 
the second part of the scanning cycle where the reference frequency is monotonically decreasing, 
the reference frequency is less than the delayed return frequency from the target. If the target is 

15 stationary, the difference frequency of the interferometric beat signal is the same for both portions 
of the sweep. If the target is moving, its frequency is Doppler shifted, so that the difference 
frequency between the reference and delayed Doppler-shifted return frequency from the target 
will not be the same during two half sweeps. After finding the spectra and corresponding target 
ranges from the two half-cycles, the mean of the (Doppler shifted) target return positions will give 

20 the target position, and the difference between the mean and individual spectra will give the 
Doppler shift. 

While the invention has been particularly shown and described with reference to specific 
preferred embodiments, it should be understood by those skilled in the art that various changes in 
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form and detail may be made therein without departing from the spirit and scope of the invention 
as defined by the appended claims. 
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CLAIMS 

What is claimed is: 



1 ] . An optical system comprising; 

2 an external-cavity frequency-tuned laser having a tunable longitudinal cavity mode 

3 and a center timable wavelength, said external-cavity frequency-tuned laser comprising: 

4 an optical cavity; 

5 an optical gain medium positioned within said optical cavity; and 

6 a rapid tuning wavelength selecting device positioned to receive light from 

7 said optical gain medium and adapted to return selected wavelengths of 

8 light to said optical gain medium; 

9 an interferometer in optical communication with said external-cavity frequency- 

10 tuned laser, said interferometer adapted to project a portion of light from said external- 

1 1 cavity frequency-tuned laser onto a sample and to receive light altered by said sample, said 

12 interferometer adapted to combine light reflected from said sample and said light from said 

13 external-cavity frequency-tuned laser; 

14 a detector positioned to receive said combined light from said interferometer and 

15 to generate a signal in response thereto; and ■ 

16 a processing unit in communication with said detector, 

17 wherein said external-cavity frequency-tuned laser is substantially continuously 

1 8 tunable, 

19 wherein said tunable wavelength selecting device tunes the center wavelength of 

20 the external-cavity frequency-tuned laser at the same rate as the longitudinal cavity mode 

21 of the external-cavity frequency-tuned laser is tuned, and 
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22 wherein said processing unit performs digital signal processing to extract spatial 

23 information related to the sample in response to said signal from said detector. 

1 2. The system of claim 1 wherein said wavelength selecting device comprises a grating and 

2 an angular scanning device. 

1 3. The system of claim 2 wherein said angular scanning device comprises an electro-optical 

1 4. The system of claim 2 wherein said angular scanning device comprises a rotatable prism. 

1 5. The system of claim 2 wherein said angular scanning device comprises a galvanometer 

2 scanned mirror. 

1 6. The system of claim 2 wherein said angular scanning device comprises a resonant scanning 

2 mechanism. 

1 7. The system of claim 2 wherein said angular scanning device scans so as to generate a 

2 temporally non-linear frequency sweep. 

1 8. The system of claim 7 further comprising: 

2 an auxiliary interferometer in optical communication with said external-cavity 

3 frequency-tuned laser, said auxiliary interferometer having an auxiliary detector in electrical 

4 communication with said processing unit, 

5 wherein data collected in response to said temporally non-linear frequency sweep are 

6 corrected by said processing unit in response to signals from said detector of said auxiliary 

7 interferometer. 

1 9. The system of claim 7 wherein said temporally non-linear frequency sweep is sinusoidal. 

1 10. The system of claim 7 wherein data collected in response to said temporally non-linear 

2 frequency sweep are corrected by said processing unit in response to signals from said detector. 
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1 11. The system of claim 2, wherein said scanner includes a drive mechanism whose drive function 

2 is pre-distorted in time to precorrect for any nonlinerarity in the laser transfer function so as to 

3 achieve a nearly continuous frequency sweep in time. 

1 12. The system of claim 1 wherein said wavelength selecting device comprises tunable optical 

2 filter. 

1 13. An external-cavity laser having a tunable longitudinal cavity mode and a tunable center 

2 wavelength, said external-cavity frequency-tuned laser comprising: 

3 an optical cavity; and 

4 a gain medium disposed in said optical cavity and comprising a non-reflective cleaved 

5 interior facet surface; and 

6 a rapid tuning wavelength selecting device positioned to receive light from said optical 

7 gain medium and adapted to return selected wavelengths of light to said optical gain medium, said 

8 wavelength selecting device comprising: 

9 grating; and 

10 an angularly steerable mirror positioned to reflect light from the non-reflective 

1 1 cleaved interior surface of the gain medium to said grating. 

12 wherein said external-cavity frequency-tuned laser is substantially continuously tunable, 

13 wherein said tunable wavelength selecting device tunes the center wavelength of the 

14 external-cavity frequency-tuned laser at the same rate as the longitudinal cavity mode of the 

1 5 external-cavity frequency-tuned laser is tuned, and 

16 wherein the relationship between said gain medium, said mirror and said grating is given 

17 by the expression: 



tan 2 <j> - 1 
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1 9 where V is the distance from the mirror to the grating, U is the fixed optical distance from 

20 the rotational axis of the mirror to the output facet surface and f (>45°) is the angle of incidence 

21 onto the grating at the scan center wavelength measured from a normal to its surface. 

1 14. The external-cavity laser of claim 12, wherein said wavelength selecting device comprises 

2 an AOTF. 

« « , a- ~l^~-r^+V» n*>A r% l/"vt-»rrt+nr4i«£ll 

1 15. A method for tuning an external-caviiy laser imvmg * ^mc. v...^. =» 

2 cavity mode while simultaneously substantially preventing mode hopping, said method 

3 comprising the steps of . 

4 providing : 

5 an optical cavity having an effective length; 

6 a gain medium disposed in said optical cavity; and 

7 a wavelength selecting device positioned to receive light from said optical gain 

8 medium and adapted to return selected wavelengths of light to said optical gain medium; and 

9 adjusting the wavelength selecting device so as to change the center wavelength of the 

10 external-cavity frequency-tuned laser at the same rate as the longitudinal cavity mode of the 

1 1 external-cavity frequency-tuned laser is changed. 

1 16. The method of claim 1 5 further comprising the step of: 

2 providing a fixed dispersive element which corrects for deviations between the increase in 

3 the effective length of the optical cavity and the increase in wavelength. 

1 17. A method of performing OFDR on a sample comprising the steps of: 

2 providing an external-cavity frequency-tuned laser having an optical cavity of an 

3 effective length; 
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4 tuning the external-cavity frequency-tuned laser to generate a change in 

5 wavelength; 

6 changing the effective length of the optical cavity, the effective length being 

7 changed proportionally to the change in wavelength, so as to tune the longitudinal cavity 

8 mode frequency at the same rate as the wavelength; 

9 directing light from said external-cavity frequency-tuned laser onto said sample; 

1 0 receiving light reflected from said sample; 

1 1 combining light reflected from said sample with light from said external-cavity 

12 frequency-tuned laser; 

1 3 detecting said combined light and generating a beat signal in response thereto; and 

14 performing digital signal processing to extract spatial information about the sample 

15 in response to said detected beat signal. 

1 18. A laser comprising: 

2 an output port; 

3 an optical ring having a round trip time and a center frequency, said optical ring 

4 comprising: 

5 a broad-bandwidth gain medium; 

6 a wavelength selecting device in optical communication with said gain medium; 

7 a frequency shifter in optical communication with said gain medium and said 

8 wavelength selecting device; 

9 and 
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10 



an optical coupler in optical communication with said optical gain medium, said 

1 1 wavelength selecting device and said frequency shifter, said optical coupler coupling light from 

1 2 said optical ring to said output port, 

13 wherein said wavelength selecting device tunes said center wavelength at a rate equal to 

14 the incremental change in frequency caused by the frequency shifter divided by the round trip time 

™„ tr> retain a neariv continuous frequency sweep. 

1 J UI IIIU vpwwuj. 

1 19. The ring laser of claim 18 wherein the optical ring further comprises a path length 

2 compensator in optical communication with said gain medium. 

1 20. An OFDR system comprising: 

2 a laser comprising: 

3 an output port; 

4 an optical ring having a round trip time and a center frequency, said optical ring 



5 comprising: 

6 

7 

8 medium; 



a broad-bandwidth gain medium; 

a wavelength selecting device in optical communication with said gain 



9 a frequency shifter in optical communication with said gain medium and said 

10 wavelength selecting device; and 

! , an optical coupler in optical communication with said optical gain medium, said 

12 wavelength selecting device and said frequency shifter, said optical coupler coupling light from 

13 said optical ring to said output port; 
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14 an interferometer in optical communication with said laser, said interferometer adapted to 

15 project a portion of light form said laser onto a sample and to receive light altered by said sample 

16 and adapted to combine light altered from said sample and said light from laser; 

17 a detector positioned to receive said combined light from said interferometer and to 

1 8 generate a signal in response thereto; and 

19 a processing unit in communication with said detector, 

20 wherein said processing unit performs digital signal processing to extract spatial 

21 information related to the sample in response to said signal from said detector, and 

22 wherein said wavelength selecting device tunes said center wavelength at a rate equal to 

23 the incremental change in frequency caused by the frequency shifter divided by the round trip time 

24 of the optical ring to obtain a nearly continuous frequency sweep. 

1 21. A method for correcting a non-linear frequency sweep in an OFDR system to obtain 

2 spatial information relating to a sample, the method comprising the steps of: 

3 sampling a time waveform of light from said sample using said OFDR system, said 

4 sampled time waveform having a time scale; 

5 transforming said time scale of said sampled time waveform into a new time scale to yield 

6 a transformed sampled time waveform characteristic of a linear frequency sweep; and 

7 processing the transformed sampled time waveform to determine spatial information 

8 related to the sample. 

1 22. The method of claim 21 further comprising the step of predetermining the non-linear 

2 frequency sweep. 

1 23. A method of obtaining range and velocity information of a sample comprising the steps of: 

2 (a) illuminating said sample with a frequency-timable light source; 
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3 (b) detecting an interformetric beat signal generated by said sample in response to said 

4 illumination 

5 (c) multiplying the detected signal from said sample by a plurality of descriptors each 

6 corresponding to a different Doppler velocity; and 

7 (d) Fourier transforming the series resulting from step (c) into a range-velocity map. 

— . . a .it - c ; . avtttvt* l*mwrl~%r+ r>*% «Mm/1ati4 ft«A/«innm7 +n«aK1/» 1irrV»+ Vn^ann trv 

2 obtain range and Doppler information related to a sample, said method comprising the steps of: 

3 monotonically increasing the frequency of the frequency tunable light beam incident upon 

4 said sample; 

5 monotonically decreasing the frequency of the frequency tunable light beam incident upon 

6 said sample; 

7 obtaining the interferometric beat signal from light reflected from said sample using the 

8 monotonically increasing and monotonically decreasing frequency sweeps; 

9 calculating the location of the sample from the mean of the beat frequencies during the 

10 monotonocally increasing and decreasing sweep; and 

1 1 calculating the velocity from the difference of the beat frequencies. 

1 25. A method for determining at least one dimensional structure of a sample comprising the 

2 steps of: 

3 (a) providing an external-cavity frequency-tuned laser having an optical cavity of 

4 an effective length; 

5 (b) tuning the external-cavity frequency-tuned laser to generate a change in 

6 wavelength; 
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7 (c) the effective length of the optical cavity being changed proportionally to the 

8 change in wavelength, so as to tune the longitudinal cavity mode frequency at the same 

9 rate as the wavelength; 

10 (d) directing light from said external-cavity frequency-tuned laser onto said 

1 1 sample; 

12 (d) receiving light reflected from said sample; 

13 (e) combining light reflected from said sample with light from said external-cavity 

14 frequency-tuned laser; 

15 (f) detecting said combined light and generating a beat signal in response thereto; 

16 (g) performing digital signal processing to extract spatial information about the sample 

17 in response to said detected beat signal; and 

18 (h) repeating steps (b) through (g) for a plurality of locations on the sample. 

1 26. A multidimensional optical imaging system comprising an optical source being nearly 



2 continuously tunable, said optical source coupled to an interferometer, said interferometer 

3 coupled to direct light onto a sample and to collect light altered by said sample, said 

4 interferometer adapted to combine said collected light with light from said optical source and 

5 direct said combined light onto a photo-detector array, said array generating a signal in response 

6 thereto, and processing a unit in communication with said array, wherein said processing unit 

7 performs digital signal processing to simultaneously extract spatial information across multiple 



8 points relating to the sample in response to said signal from said detector. 

1 27. The claim of 26 from where a reference path is used in combining said collected light altered 

2 by said sample and light from said optical source and the reference arm path is tailored in the 

3 transverse dimension to have a non-uniform path length to meter a desired sample surface. 
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1 28. A method of using an OFDR system having an incident frequency tunable light beam to obtain 

2 range and Doppler information related to blood flowing in a blood vessel, said method comprising 

3 the steps of: 

4 monotonically increasing the frequency of the frequency tunable light beam incident upon 

5 said blood flowing in said blood vessel; 

6 monotonically decreasing the frequency of the frequency tunable light beam incident upon 

7 said blood flowing in said blood vessel; 

8 obtaining the interferometric beat signal from light reflected from said blood flowing in 

9 said blood vessel using the monotonically increasing and monotonically decreasing frequency 

10 sweeps; and 

1 1 calculating the location of the blood flowing in said blood vessel from the mean of the beat 

12 frequencies during the monotonocally increasing and decreasing sweep; and 

13 calculating the velocity from the difference of the beat frequencies. 
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